In order to solve the practical problem of heat transfer during the hot pressing process of a novel woodplastic composite plywood, this paper investigates the perforation treatment of polyvinyl chloride (PVC) plastic films and their plywood composites. The PVC films were pretreated by the physical punching method, and the effects of PVC perforation diameter, hot pressing time and hot pressing temperature on the mechanical properties of the plywood composites were investigated by orthogonal experimental design. The results showed that the optimum hot pressing time was 7 min, the hot pressing temperature was 170 C, and the PVC perforation diameter was 15 mm for the optimum mechanical properties. The punching pretreatment of PVC films gave rise to a reduction of the hot pressing time by 51 s due to improved heat transfer and heat loss by 5.06%, and allowed an increase in the initial moisture content of the veneer by 2-3%, thereby cutting down the drying cost in the veneer production process, which is conducive to energy conservation and environmental protection.
Introduction
Wood based composites, such as plywood, particleboard, oriented strand board (OSB), medium density berboard (MDF), laminated veneer lumber (LVL) and Glulam, are commonly used for both structural and non-structural applications. [1] [2] [3] These composites are usually produced using aldehyde adhesives, such as urea-formaldehyde resins (UF) and phenol-formaldehyde resins (PF), the production and products of which can release free formaldehyde. [4] [5] [6] In particular, most of these composite panels are for indoor applications and release of harmful gases is very detrimental to people's health. In order to reduce the toxicity of wood-based composites, some researchers have attempted biomass-adhesives for the production, e.g. plant protein adhesives, blood glue, starch glue and bone glue. [7] [8] [9] However, these adhesives have high viscosity and are difficult to apply evenly, which may lead to unstable bonding of glue lines. In addition, biomass adhesives are prone to mildew and deterioration, and are not suitable for use in high humidity environments. Wood-plastic composite plywood have also recently been considered as one of alternative in some applications of wood based composites and the advantages of which are light weight, easy processing, good thermal insulation performance, rich texture and importantly no release of formaldehyde, 10 and wood plastic composites have also the characteristics of water resistance, mildew resistance and chemical resistance.
Recently, there have been some attempts on the production of thermoplastic lm/single laminate plywood by using polyvinyl chloride (PVC). As a thermoplastic lms, the polyvinyl chloride (PVC) is waterproof, corrosion resistant, stable and sticky aer hot melt. Compared with polyethylene (PE) 11 and polypropylene (PP), 12 PVC has the characteristics of low price and wider source. Compared with commonly used adhesives, such as UF and PF, it does not contain harmful substances such as formaldehyde. 13 However, as a non-polar or slightly polar substance, plastic was difficult to combine with hydrophilic wooden material (ber, particle or veneer) as polar substance does. [14] [15] [16] Therefore, researchers try various methods to treat wooden materials or thermoplastic, mainly including physical treatment and chemical treatment. [17] [18] [19] For example, Matuana, et al. 20 and Song, et al. 21 treated wood veneers with various coupling agents to improve the compatibility between PVC and wood bers. Murata, et al. 22 and Temiz, et al. 23 reported that the mechanical properties of plywood were increased by heat and steam treatment of veneers. Wei, et al. 24 analyzed the effects of 3-aminopropyl(triethoxy) silane modication on various properties of veneers and composites and Lin, et al. 25 punched holes in the wood veneer, with plastic lms alternative adhesive in plywood production, lms heating to melt and penetrate into pinholes to improve bonding performance. Nevertheless, these methods have not solved the problem of slow heat transfer during hot press forming of plywood or other laminates, as the presence of a non-porous thermoplastic plastic lms hinders the transfer of heat and prolongs the hot pressing time. 26 This will lead to a decrease in production efficiency, an increase in energy consumption and a further increase in production cost, because the completion of the bonding between the veneer and the PVC plastic lms was closely related to the heat transferred through the water vapor to the core layer under a certain pressure.
To improve the heat transfer during the hot pressing process and hence comprehensive performance of composite plywood laminates, this research is to use the physical method to uniformly perforate the PVC lms, enabling to promote the heat transfer and achieve a full melting of PVC lms of the core layer in a short time. This is not only able to speed up the heat transfer process and improve bonding between PVC lms and wood veneer, but also to appropriately increase the initial moisture content of the veneer, which is benecial for energy saving. The study develops PVC-Eucalyptus veneer composite plywood laminates through hot pressing process, and investigates the effect of PVC perforation diameter, pressing time and hot pressing temperature on the mechanical properties and thermal stability of the laminates. The orthogonal test design is employed to reduce the number of the experiments, and the interface bonding status of plywood composite laminates is characterized by a eld emission scanning electron microscope to analyze its morphology before and aer the treatment of the PVC lms. It was further veried that the PVC lms perforate is benecial to accelerate the heat transfer rate and improve the mechanical properties of the wood-plastic composite plywood by using various initial moisture contents of veneers.
Materials and methods

Materials
The Eucalyptus veneers were supplied by Nanping Yuanqiao Wood Industry Co. (China). The size of the veneers was 300 mm Â 300 mm Â 2.3 mm and its moisture content was 10-11%. The PVC lms were supplied by Changzhou Yuandong Advanced Plastic Co. (Jiangsu, China). The specication of PVC lms was 300 mm Â 300 mm Â 0.1 mm and its density was 1.45 g cm À3 . The PVC lms were punched evenly, as shown in Fig. 1 . The diameters of the punched holes are 5 mm, 10 mm, 15 mm and 20 mm.
Silane coupling agent KH550 with the active ingredient content of 97% was purchased from Chenguang Coupling Co. (Jiangsu, China). The loading of the silane coupling agent was 1% of PVC lms.
Design of orthogonal scheme
To efficiently develop the PVC-wood plywood composites and reduce the number of experiments, the statistic orthogonal design was employed, the parameters of which were also decided by taking into consideration of the hot melt temperature of PVC lms (Fig. 3 ). This experimental design allows a comprehensive investigation on the effect of pretreatment of PVC lms on heat transfer of composite plywood along with pressing parameters, that is, according to the design principle of orthogonal test L 16 (4 5 ), 27 the effects of different hot pressing temperature, hot pressing time and different pore size PVC lms on the physical and mechanical properties of the developed plastic-wood plywood composites can be interpreted. The process parameters of the screening are given in Table 1 .
Plywood composites preparation
The coupling agent, KH550, was diluted with absolute ethanol, and sprayed evenly on both sides of the PVC lms. Aer the ethanol volatilized, the designed and pretreated PVC lms were laminated with veneers as shown in Fig. 2 . It must be noted that the assembling procedure follows those used in the plywood production, the principle of which is that the veneers are crosslaminated between the adjacent layers, i.e. the grain of the surface ply is in line with the longitudinal direction of the plywood composites, followed by the next ply with its grain direction 90 (perpendicular) to the longitudinal direction of the plywood composites. PVC plastic lms mainly works as the glueline connecting between two veneers. Each composite mat consists of ve plys of veneer and four layers of PVC. Aer assembly, the composite mat was placed in a hot-pressing machine (KSH-100T; Dongguan Kesheng Industrial Co.), and both heat and pressure were applied to obtain plywood composites with the nal thickness of 10 mm. The hot pressing pressure was 2 MPa and various combinations of hot pressing time and temperature were designed as shown in Table 2 . The above procedure was repeated to prepare PVC plywood composites having four different perforation geometric diameters of 5 mm, 10 mm, 15 mm and 20 mm.
Characterization
2.4.1 Determination of the optimum hot pressing temperature. To effectively develop the glueline for the composites, the melting temperature is the key for production, that is, the process needs to ensure that the temperature is high enough to generate complete ow of PVC during the hot pressing. On the other hand, the temperature should not be too high, which may result in a degradation of the wood veneer and also the decomposition of the plastic. The melting temperature of the PVC lms was measured by differential scanning calorimetry (DSC8500; PerkinElmer Enterprise Management Co. America). The test was carried out under a nitrogen atmosphere as a shielding gas, with an initial temperature of 30 C, a termination temperature of 200 C and a heating rate of 5 C min À1 .
2.4.2 Determination of the hot pressing time. In order to observe the change of the core layer temperature during the hot pressing of the plywood composite and the time required for the core layer temperature to reach the target temperature, the test deliberately extended the hot pressing time to 1000 s. The experiment used a digital thermometer (TM-902C/DM6902; Shenzhen Vichy Electronic Technology Co. China), the temperature probe of the thermometer was buried in the core layer of the composite plywood without perforation, and the other end was connected to the logger and data display, which recorded the temperature ( C s À1 ), observed the time required for the temperature of the core layer to rise to 170 C and then generated the heat transfer curve of the wood-plastic composite plywood with un-perforated PVC lms.
2.4.3 Mechanical properties. The pressed plywood composites were conditioned at room temperature for two days before mechanical testing. 12 test pieces were sampled according to the two directions of the panel in the longitudinal and transverse directions with the dimension 250 mm Â 50 mm Â 10 mm for the modulus of rupture (MOR) and modulus of elasticity (MOE) tests in accordance with the standard ISO 16978 (2003). 12 test pieces for bonding strength were sampled with the dimension 100 mm Â 25 mm Â 10 mm in accordance with the standard ISO 12466-1 (2007). Tests were carried out with a universal test machine (E44.304: Meters Industrial Systems (China) Co., Shenzhen, China) and the average of the 12 tests was taken for each group.
2.4.4 Thermal stability. The PVC-wood composite plywood laminate was grinded to prepare test pieces. The thermal stability of the plywood laminates with various pore sizes were evaluated by a thermal conductivity analyzer (Netzsch STA449F3 Jupiter; NETZSCH-Gerätebau GmbH, Selb, Germany), the temperature range of which was set to 25-350 C, the test media was nitrogen and the heating rate was 10 C min À1 . Aer a blank test was performed to obtain baseline data, the sample was weighed 4.00 AE 0.05 mg into the alumina crucible and then the sample containing the crucible was positioned on a position with the STA sensor. By repeating the above procedure, the thermal stability of PVC-wood composite plywood laminates with different pore sizes was analyzed. 2.4.5 Morphological observation. The interface bonding status of plywood composite laminates between the veneers and PVC lms before and aer the treatment of the PVC lms were investigated using a eld emission scanning electron microscope (Nova Nano SEM 230; FEI Company, Tokyo, Japan). Samples of about 0.5 cm Â 0.5 cm were taken at the glueline of adjacent layer of PVC-wood composite plywood laminates and pasted on the carrier plate. The samples were then sprayed with gold and nally put into the electron microscope. The distribution of PVC lms in the veneer and their combination were observed by Nova Nano SEM230.
2.4.6 Relationship between water content and mechanical properties. Based on the parameters optimized by orthogonal experiment, the mechanical properties of PVC-wood plywood laminates with PVC lms before and aer punching were further investigated by using various initial moisture contents of veneers, namely 7%, 8%, 9%, 10%, 11% and 12% moisture content of veneers.
Results and discussion
Hot melt temperature of PVC plastic lms
Thermal characteristic of PVC is one of the most important parameters for the production of the PVC-wood plywood composites. It decides the hot pressing parameters and the glueline quality of the composites. It can be seen that the hot melt temperature of the PVC lms was 135 C (Fig. 3 ), which indicates that the PVC lms can be melted and adhesively applied only when the temperature was higher than 135 C. This means that the hot pressing temperature for the composite production should be at least equal to or higher than 135 C. The decomposition temperature of the PVC lms used in this experiment was as high as 280 C, so the actual hot pressing temperature was reasonable to take 135-280 C. It must be noted that determining a specic temperature is related to the thickness of composites, property of veneers and the duration of pressing time, as they will affect the heat transferring through the thickness of the composites. In general, the hot pressing temperature is appropriately increased to allow a full melting of the PVC lms, especially lms/glueline in the centre of the composites. Nevertheless, this may also be achieved by increasing the duration of time. Too high temperature or lengthy exposure of both lms and veneer may result in the decomposition of the materials. Therefore, it is vital to design an appropriate hot pressing process to ensure the full melting and distribution of PVC across the glueline and penetration into veneer, but the same time avoid the deterioration of composites, and this can only be achieved with a good understanding of temperature prole, which is hence discussed in the next section.
Temperature prole of the core layer of PVC-wood plywood composites
The heat transfer and distribution of temperature are closely related to the temperature of hot plate and thickness of the composite. Fig. 4 shows the PVC composite plywood laminates without perforation, the core layer temperature of plywood composites changed with the hot pressing time, when the hot pressing temperature (press plate temperature) was 170 C. It can be seen that the heat transfer in the plywood composites core follows a polynomial change and the heat transfer process can be divided into four stages. The rst stages from the beginning to 100 s, the temperature rose rapidly, as the difference between the hot press and the composite mat was large, as soon as the plate was in contact with the mat, resulting in a rapid transfer of heat from the hot plate to the low temperature composite mat and hence a rapid increase in the core layer temperature from 20 C to 110 C. The second stages in the next 200 s, heat transfer did not result in a signicant rise in core temperature, even constant at 110 C from 100 s to 150 s. A number of reasons may contribute to this slowdown of the heat transfer rate and temperature rise at this stage: (1) the temperature difference between the hot plate and the composites mat was reduced; (2) the moisture in the surface layers of the composite mat may start to move to the surface and evaporate, which absorb heat/energy and (3) the heat transfer could be hindered by the presence of the PVC lms which requires heat for its melting. The third stage from 300 s to 830 s, the core temperature rises faster again, because the PVC lms gradually soened and melted, and the resistance to heat transfer was gradually reduced. Therefore, the temperature rises faster in this stage than in the second stage. The last stage from about 830 s, the temperature difference between the press temperature and the plywood composite mat gradually decreases, the heat transfer rate was slowed down and the core temperature approached stable.
The temperature change in the composite core can also be tted statistically with polynomial equation, giving a high degree of mathematic R 2 ¼ 0.98835, as follows:
Y ¼ 1.594X À 8.45 Â 10 À3 X 2 + 2.244 Â 10 À5 X 3 À 3.014 Â 10 À8 X 4 + 1.985 Â 10 À11 X 5 À 5.128 Â 10 À15 X 6 À 7.163
The plot of core temperature prole also allows an identication of minimum pressing time for the production of PVCwood plywood composite, but ensure melting of PVC and bonding of veneers. It is apparent that when setting the hot pressing temperature to 170 C, the minimum hot pressing time should be 471 s to ensure that the core layer reaches 135 C and the PVC lms can be completely melted, ow and penetrate into veneers, and hence achievement of quality bonding strength.
Mechanical properties of PVC-wood laminates
According to the test parameters and levels given in Table 1, 16 sets of test protocols were designed to understand the effect of processing parameters on the bonding strength, modulus of rupture (MOR) and modulus of elasticity (MOE) ( Table 2) . Each data was the average of 3 test results.
MOR, MOE and bonding strength in relation with individual processing parameters and their levels are computed and given in Table 3 . The results of the range analysis of the bonding strength showed that the pressing time, temperature and PVC pore size all had a certain inuence on the bonding strength of the plywood laminates. Among them, the largest R value was the PVC pore size, indicating that the uniform opening treatment of PVC had the greatest inuence on the bonding strength of the plywood laminates, followed by the temperature of the pressing. The minimum R value was the pressing time. It can be concluded that the optimum level combination was 7 min of pressing time, 170 C of pressing temperature and 15 mm of PVC pore size.
The results of the range analysis of both MOR and MOE showed that the largest R value was again the PVC pore size, indicating that the PVC opening treatment has the greatest inuence on the MOR of the plywood laminates, followed by the pressing time for MOR, but the pressing temperature for MOE. The optimum level combination of the optimum MOR and MOE was 7 min of pressing time, 170 C of pressing temperature and 15 mm of PVC pore size, which are the same as those for the optimum bonding strength.
A scrutiny of the results showed that as the pressing time increases, the bonding strength rst increases and then decreases. When the pressing time was 7 min, the bonding strength reached 0.68 MPa. The pressing time less than 7 min means that the core layer temperature may not reach the melting temperature of PVC plastic (Fig. 4) , which leads to the incomplete melting of PVC and hence poor bonding strength. A slight lower temperature of 7 min (420 s) in comparison to the aforementioned 471 s was that the former is with PVC perforated while the latter with PVC without perforated hole, namely there was time difference to 51 s between them. Increase in the pressing time, e.g. 8 min and 9 min, may result in an increase in the ow of the melt PVC and penetration into the crack of the veneer, which had a negative effect on the bonding strength. The bonding strength was the best when the pressing temperature was 170 C, because low temperature affected the heat transfer efficiency and too high temperature caused premature melting of PVC lms, resulting in poor bonding strength between the veneers. It can also be seen that the pore size played an important role on the bonding strength. Small holes may not give sufficient path for the heat transfer, while increase in the size of the hole is equivalent to the reduction of the added PVC. The bonding strength was the best when the hole diameter was 15 mm. The similar trend is found for the change of the MOR and MOE in relation to the pressing time, pressing temperature and PVC pore size. All processing parameters result in an increase and then decrease of MOR and MOE, which can be explained with the similar principle as those of the bonding strength. It can be clearly seen that the optimal process parameters were pressing temperature of 170 C, pressing time of 7 min, and PVC pore size of 15 mm. The variance analysis of MOR, MOE and IB is given in Table  4 . It can be seen that for the bonding strength, the F value of the PVC pore size was 15.176, which was greater than F 0.01 (3, 6) . This means that the inuence of the PVC pore size on the bonding strength was extremely signicant, indicating that the hole punching treatment of the PVC lms can signicantly benet the heat transfer during the pressing process. The F value of temperature was 5.765, which was between F 0.05 and F 0.01 , therefore, the inuence of pressing temperature was signicant. The role of the pressing temperature was to ensure the melting of the PVC lms in a certain temperature, which is essential for generating glueline and bonding veneer. The pressing temperature creates the necessary conditions for enhancing the bonding strength. The F value of pressing time was 2.706, which was less than F 0.1 , indicating the effect of pressing time on the bonding strength was not signicant.
From the analysis of variance of MOR, it can be seen that the F value of the pressing time was 9.344 and the F value of the temperature was 8.351. Both located between F 0.05 and F 0.01 , therefore, the pressing time and pressing temperature had a signicant effect on MOR. The F value of PVC pore size was 26.386, which was greater than F 0.01 (3, 6) , and such the effect of PVC perforation size on MOR was extremely signicant. The perforation treatment of the PVC plastic lms facilitates the heat transfer and the PVC lms between the veneers cured completely, thereby improving the MOR.
It can be seen from the variance analysis of the MOE of the PVC-wood laminates that F values of the time and temperature was 3.415 and 3.892 respectively, which were located between F 0.1 and F 0.05 . Therefore, so the inuence of pressing time and pressing temperature on MOR were generally signicant. The F value of the PVC pore size was 17.603, which was greater than F 0.01 (3, 6) , so the effect of PVC pore size on MOR was extremely signicant.
Overall, it is evident that the effect of PVC perforation pretreatment on the mechanical properties of PVC-wood laminates was extremely signicant. Compared with the PVCwood laminates with PVC no perforated holes, the hot pressing time was shortened by 51 s, which greatly improved the production efficiency.
Interface between PVC and veneer
The microstructures of PVC-wood laminate with PVC lms perforated treatment were given in Fig. 5A and B . It can apparent that the veneer was well connected by organic PVC lms and formed a good mechanical nail force and combined rmly with the veneers. The magnication of the interface indicates that the PVC melted completely (Fig. 5B) and gave a good ductility, thereby improving the bonding strength of the composite laminates. Fig. 5C and D are microstructures images of the distribution of PVC lms without perforated pretreatment. It can be seen that the PVC lms did not melt completely and generated poor adhesion, which was disadvantageous for enhancing the bonding strength between the veneers. 28, 29 The untreated PVC lms may affect the heat transfer and evaporation of water vapor of the composite laminates during hot pressing. In a limited hot pressing time and temperature, the PVC lms could not be completely melted and/or ow, therefore, the bonding between the veneers was poor. By contrast, the perforated PVC lms may facilitate the heat transfer and the evaporation of water vapor, leading to a more completed melting of the PVC lms and building up of bonding force and improvement of bonding strength.
Thermal stability of PVC-wood laminates
Thermogravimetric (TG) curves of composite laminates with different pretreatments under nitrogen atmosphere are shown in Fig. 6 . It can be seen that the thermal degradation process for the four laminates appears to be divided into two major mass loss stages from 25 C to 350 C ( Table 5 ): The rst stage was at 25-100 C, the mass loss was about 5%, which may result from the removal of a small amount of free water in the veneer. The major degradation occurred in the second stage between 100 C and 350 C, which mainly corresponds to hemicellulose and cellulose decomposing in to char residues, and CO 2 , CO, CH 4 , CH 3 OH and CH 3 COOH, 30 and to the decomposition reaction of PVC lms. The perforated hole seems to have an inuence on the degradation of PVC-wood laminates. Increasing the diameter of holes resulted in a delay of mass loss (Fig. 6 ). This again may be due to that small hole may hinder the heat transfer, resulting in local over heat and hence increase in mass loss. The mass retention at 350 C was about 41.62% for the 5 mm hole composite laminate and 46.68% for the 15 mm hole composite laminates. The latter was about 5.06% higher that former. It can be concluded that an appropriate pre-treatment of PVC lms can effectively accelerate the heat transfer rate, generate the PVC lms adhesion to the veneer, and form a compact and dense bonding region, meanwhile it may also avoid a local overheating and reduce mass loss, thereby improving thermal stability of composite plywood laminates. However, the veneer cannot be completely wrapped by the PVC lms if the perforated diameters is too large, thereby lowering the thermal stability of the wood-plastic composite plywood.
Effect of moisture content of veneer on mechanical properties of plywood laminates
Moisture content of veneer affects not only the bonding of wood veneer and PVC, but also heat transfer during the hot press. To further understand the effect of moisture on the property of the laminates, various initial moisture contents of veneer, ranging from 7% to 12% were studied. The optimal hot pressing process conditions, namely hot pressing pressure 2 MPa, hot pressing time 7 min and hot pressing temperature 170 C, and the PVC lms with the best punching diameter of 15 mm were employed to produce composite plywood laminates. It can be seen in the Fig. 7 that the mechanical properties of the PVC-wood laminates gradually increased and then decreased with the moisture content of the veneers increased from 7% to 12%, indicating that the initial moisture content of the veneer had a signicant effect on the performance of the plywood laminates. When the moisture content of the veneers was the same, the composite plywood laminates produced with the perforated PVC lms again gave rise to a higher mechanical properties compared to those with the un-perforated PVC lms. The increase of veneer moisture content from 7% to 10% resulted in an increase for unperforated PVC-wood laminates in MOR from 39.5 MPa to 42.9 MPa, MOE from 3000 MPa to 3900 MPa and bonding strength from 0.45 MPa to 0.73 MPa. This may be due to that an increase in moisture content facilitate the heat transfer and hence the melting of PVC and its ow across the glueline and thickness of veneers. Further increase in moisture content of veneer did not give further an increase in the mechanical properties, rather a slight decrease. This is because too much moisture may produce too much water vapour in glueline, hindering the contact and bonding with hydrophobic PVC. The mechanical properties of the composite plywood laminates produced with the perforated PVC lms reached a maximum at a moisture content of 11% while the mechanical properties of composited plywood produced from un-perforated PVC lms reached a maximum at 10% moisture content of the veneers. This means that a physical punching of PVC lms is benecial to accelerate the heat transfer rate. Therefore, it is allowed to use a higher initial moisture content of veneers for the production of plywood laminates, thereby reducing the drying cost in the veneers production process, which is normally intensive energy process.
Conclusions
A novel physical treatment, the perforation of PVC lms, was developed and the treated lms were used to produce PVCwood composite plywood. An orthogonal design L 16 (4 5 ) was employed to investigate the combined effects of the hot pressing time, hot pressing temperature and the diameter of PVC lms perforation on the physical and mechanical properties of plywood composites. The heat transfer mechanism in the composites during hot pressing process was also studied. Some conclusions could be drawn as follows: (1) the composite plywood prepared under the process parameters of hot pressing temperature of 170 C, hot pressing time of 7 min, veneer initial moisture content of 11% and PVC lms perforation diameter of 15 mm could reach the optimum mechanical properties. (2) The perforation of PVC lms was able to improve the heat transfer signicantly. Compared with the composite plywood with unperforated PVC lms, the hot pressing time of the plywood laminates prepared under the optimal process conditions was shortened by 51 s, which greatly improved the production efficiency of the enterprise. (3) The interfacial compatibility between the veneer and the PVC lms was analyzed by eld emission scanning electron microscope (FE-SEM). It was found that the PVC plastic lms melted sufficiently during the hot pressing process and penetrated into the interior of the veneer to form a good mechanical adhesive force, which was benecial to the bonding strength.
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